A novel design of a Stark-tuned far-infrared laser using a circular hollow dielectric waveguide is proposed, and its characteristics are studied. Supplementary electrodes are inserted inside the circular hollow dielectric tube to suppress charge accumulation while keeping field uniformity. In what is believed to be a new design, the mode property is found to be improved, and the angular dependency of the attenuation loss according to the beam polarization is estimated to be much smaller than that of the conventional rectangular hybrid waveguide design. In this new design, ⌬M ϭ 0 far-infrared (FIR) transition as well as ⌬M ϭ Ϯ1 transition can be observed, and the power enhancement for the ⌬M ϭ 0 FIR transition is expected.
Introduction
A far-infrared (FIR) interferometer or polarimeter is an important tool for measuring fusion plasma density. To improve the temporal resolution of the system, the modulation frequency of the FIR laser has been increased up to a few tens of MHz by using a Stark-tuned FIR laser system 1,2 instead of the conventional modulation methods such as the mechanically rotating grating modulation.
In the Stark-tuned FIR laser, the frequency and the power of the output beam can be changed by the Stark effect of the gain material when a constant electric field is applied to a FIR laser waveguide. The characteristics of the output beam are determined by the quantum numbers of the molecule, the transition type and the Stark field intensity. If the Stark field is applied to the noted 118.8 m line of CH 3 OH molecule, for example, the frequency shift of the output beam is given by 3 ⌬ ϭ Ϫ ͓ 13.2 ⌬M ϩ 0.11M ͔ E ͓ MHz͞kV͞cm ͔ , (1) where E is the Stark field intensity and M is the molecular rotational energy quantum number. For the 118.8 m transition of the CH 3 OH molecule, the M dependency is very weak compared to the ⌬M dependency, so the output spectrum shows a typical doublet splitting in a rectangular hybrid waveguide 4, 5 for the selection rule of ⌬M ϭ ϩ1 and ⌬M ϭ Ϫ1. 6, 7 Other transitions for the CH 3 OH molecule such as 70.5 and 96.5 m transitions also show this type of splitting. As an output beam power loss by the Stark field is relatively low, and even a power enhancement is observed 6 -8 for the many lines showing this type of splitting, these lines can be used for an application that needs high FIR beam power and high frequency modulation such as fusion plasma diagnostics. 1, 2 Usually, a waveguide is inserted inside the FIR laser resonator for better efficiency and compactness of the system. 9 Among the various types of waveguide design, the circular hollow dielectric tube is widely used as an FIR laser waveguide because its resonator can be designed and fabricated easily with low attenuation loss. 10 By the same reasoning, two types of Stark resonator using circular hollow dielectric waveguide have been proposed. 8 A Stark-tuned laser resonator needs a structure in which a constant electric field can be applied on the waveguide. The first type is made of two parallel metal plates serving as Stark electrodes located outside of the circular hollow waveguide. A Stark effect was observed, but charge accumulation inside the dielectric waveguide prevented further Stark broadening over a few MHz. The second type is made of dielectric hollow tube in which thin metal strip foils are glued. In this design, the electric field distribution inside the waveguide was not so homogeneous so that no high field operation was possible.
To overcome these problems, a rectangular hybrid type 4, 5 was proposed as a waveguide of a Stark-tuned FIR laser. This waveguide consists of two parallel metal plates serving as Stark electrodes and dielectric walls forming vacuum boundary. As there are metal electrodes inside the waveguide, charged particles will move to the metal electrodes direction by the Stark field and there will be no charge accumulation problem. In this waveguide configuration the propagation loss for the electromagnetic wave polarized parallel to the metal plates is very low, but it is very high for the wave that is polarized perpendicular to the metal plates. As long as our interest is limited to the beam that is polarized parallel to the metal electrodes, this type of waveguide is a good tool for the Stark-tuned laser resonator. However, the angular dependency of attenuation loss may limit the applicability of the Stark-tuned FIR laser system, destroying an expected line from the ⌬M ϭ 0 transition.
In this paper the characteristics of circular and rectangular hollow waveguides were compared to determine the better property for the circular hollow waveguide type in terms of less angular dependency of the attenuation loss and a higher fundamental Gaussian mode ratio. To take advantage of these favorable characteristics, a new design with a circular hollow dielectric waveguide has been proposed to eliminate the problems of field nonuniformity and charge accumulation. Furthermore expected beam characteristics of the newly designed resonator such as no angular dependency are presented in detail.
Analysis of Far-Infrared Laser Beam Characteristics

A. Attenuation Losses in the Waveguide
The attenuation losses of various types of waveguides were calculated by Yamanaka, 10 and the results showed that the circular hollow dielectric tube was suitable for the guide of the FIR beam. Owing to the convenience of manufacturing, the circular hollow dielectric tube has been widely used as a waveguide of the FIR laser. As a circular type waveguide does not have inherent angular dependency, waves polarized in any direction can propagate a waveguide. In the resonator using the circular hollow dielectric waveguide, any output FIR beam polarization can be observed according to Chang's polarization rule. 11 On the other hand, a rectangular hybrid waveguide for the conventional Stark-tuned laser has strong angular dependency. The attenuation loss of the conventional rectangular hybrid waveguide was calculated by Garmire et al. 4 as follows:
when the polarization is parallel to the metal plates, and
when the polarization is perpendicular to the metal plates. Here, and are the angular frequency and wavelength of the wave, respectively, is the conductivity of the metal plates, and is refractive index of the dielectric material. Calculated attenuation losses as a function of wavelength are plotted as shown in Fig. 1 . The dimensions of the waveguide for the calculation are taken from the Stark-tuned laser designed by Mansfield et al. 1 , and they are known to be optimized for 118.8 m lasing. The attenuation loss for the beam polarized parallel to the metallic sidewall is low, but the loss for the beam polarized perpendicular to the metal wall is very high. As a result of the high angular dependency of the attenuation loss according to the beam polarization direction, a wave polarized perpendicular to the metal wall cannot be amplified effectively in this resonator; and a pumping wave perpendicular to the metal wall suffers serious power loss to the waveguide wall during propagation inside the resonator. 8 So the output beam polarization is restricted by the waveguide orientation.
B. Mode Properties in the Resonator
The electric field inside the laser resonator can be represented as a summation of all free space wave functions, i.e.,
where c m is the coupling coefficient of the mth order mode solution, and wave functions are solutions of the free space wave equation
By calculating the coupling coefficient of each mode, the intensity distribution ratio of each mode can be obtained. For the circular waveguide laser, the electric field of the EH 11 mode, which is the fundamental mode of the circular dielectric waveguide, can be expressed as
where a is waveguide radius and u is the first zero of the Bessel function J 0 ͑x͒. Higher-order waveguide modes are neglected because of their higher attenuation loss. And the mth mode solution of the freespace wave equation in the cylindrical coordinate is 12
where L m is the mth order Laguerre polynomial, is the wavelength, k is the wavenumber, and w͑z͒ is the beam waist. Since the solution of each mode is a product of the Laguerre and Gaussian functions, it is called the Laguerre-Gaussian (LG) function. As the LG modes are orthogonal and form a complete set, the coupling coefficient of each mode can be expressed as
The coupling coefficients from Eq. (8) are plotted as a function of the mode beam waist as shown in Fig. 2 . Because the beam spot size, w 0 , is determined by the beam waist where the coupling coefficient of the fundamental mode becomes maximum, the beam spot size for the circular waveguide is estimated to be w 0 Ϸ 0.64a. At this beam spot size, the fundamental mode ratio over the whole beam intensity is |c 0 | 2 ͞I 0 Ϸ 0.98, where
Only 2% of the beam intensity comes from higherorder modes. For the conventional rectangular hybrid waveguide, the electric field of the EH 11 mode, which is the fundamental mode of the rectangular hybrid waveguide, can be expressed as
where a and b are half the length of the width and height of the rectangular waveguide, respectively. Higher-order waveguide modes are neglected by noting their higher attenuation loss. The solution of Eq. (4) in rectangular coordinate is 13
where H m and H n are mth and nth order Hermite polynomial functions, respectively. As the solution of each mode is a product of the Hermite function and Gaussian function, this solution is called HermiteGaussian (HG) function. As the HG modes are orthogonal and form a complete set, the coupling coefficient of each mode can be expressed as
The calculated coupling coefficients of Eq. (12) are plotted as a function of the mode beam waist as shown in Fig. 3 . The optimum beam spot size is determined at w 0 Ϸ 0.46a, where a is half the length of the longer side of the waveguide cross section. At this beam spot size, the fundamental Gaussian mode ratio over the whole beam intensity is |c 00 | 2 ͞I 0 Ϸ 0.79, where (13) which is lower than that of the circular waveguide. More than 20% of the beam intensity is from the higher-order modes.
Generally, higher-order modes have larger diffraction losses inside the waveguide, and their diffraction spread or beam spread outside the cavity is also larger than that for the fundamental transverse mode. For these reasons, laser oscillations in higherorder modes are generally considered undesirable. 14 As an example of the results of different fundamental mode ratios, the coupling losses of the resonator are calculated when flat mirrors are used as laser couplers. Coupling loss occurs when the diffracted beam at the end of the waveguide is reflected at the flat mirror but not able to reenter the waveguide with the fundamental waveguide mode state. The coupling loss increases as the flat mirror is away from the end of the waveguide. So it is desirable for the flat mirror to be as close as possible to the waveguide end. However, the Stark-tuned laser requires some space between the mirror and waveguide end to avoid an electrical breakdown. The coupling loss of resonant cavity with circular waveguide is
while the coupling loss of resonant cavity with rectangular waveguide is
where z is the distance between the waveguide end and the mirror surface. The calculated coupling losses for both types of waveguide as a function of the distance between mirror and waveguide are shown in Fig. 4 . If the distance is ϳ100 mm, the coupling loss for the circular waveguide is ϳ2%, but ϳ6% for the rectangular waveguide. This is because higher-order modes diffract more in free space than, the fundamental mode does. A concave mirror may be used instead of the flat mirror to reduce the coupling loss; however, the frequency shift occurs by Guoy phase shift of the higherorder modes. 14 This is the source of the unwanted beat frequency of the resonator, and this effect is more severe in a rectangular waveguide, which has higher ratio of higher-order modes.
New Design of the Stark-Tuned Far-Infrared Laser
A. New Design of the Laser
Instead of the conventional rectangular hybrid waveguide, the circular hollow dielectric waveguide can be used as a waveguide of the Stark-tuned FIR laser system with better beam properties such as higher fundamental mode fraction and no angular dependency of the wave polarization as long as a uniform field can be built inside the waveguide without charge accumulation.
A new type of laser cavity using the circular hollow dielectric waveguide is designed for a higher fundamental Gaussian mode ratio and low angular dependency of the wave polarization. A new design of Stark-tuned laser waveguide is shown in Fig. 5 . It uses parallel metal plates outside the circular hollow dielectric tube with thin metal strips glued inside the dielectric tube. Metal plates outside the tube are used as main electrodes, and thin metal strips are used as supplementary electrodes. As there are metal electrodes inside the dielectric tube, the charge accumulation problem can be avoided. By adjusting the voltages of the supplementary electrodes, the field inside the waveguide can be homogeneous as shown in Fig. 6 .
B. Beam Characteristics with the New Design
The field distribution inside the circular waveguide is not changed by adding supplementary electrodes with a thin strip structure. The inserted electrode does not change dimension of the waveguide itself while maintaining the same boundary condition at the waveguide boundary in the presence of the metallic electrode. So the field distribution inside the newly designed circular waveguide can also be expressed as in Eq. (6) . This means that the mode properties of the newly designed circular waveguide are the same as those of the normal circular dielectric waveguide. The new design still retains the advantage of a higher fundamental mode ratio in the circular waveguide. The attenuation loss of the newly designed waveguide is a sum of the losses from the dielectric part and from the metallic part because there are supplementary electrodes inside the dielectric waveguide. When the wave polarization is parallel to the supplementary electrodes, the loss from the metallic part is negligible, and the attenuation is the same with the normal circular hollow dielectric waveguide of EH 11 mode 4
where v is the refractive index of the dielectric wall. On the other hand, when the wave polarization is perpendicular to the supplementary electrodes, the loss from the metallic part should be included and the attenuation is
where the electric field distribution E is given by Eq. (6). The attenuation loss for the newly designed circular hollow waveguide is calculated and shown in Fig.  7 . The circular tube area for the calculation is the same as that of the rectangular waveguide calculated in Fig. 1 , and the width of the supplementary electrode is 2 mm. There is a small angular dependency of the attenuation losses between the beams parallel and perpendicular to the electrodes by the thin metal strips inside the dielectric tube. However, the absolute values of the attenuation losses are lower than those of the rectangular waveguide polarized perpendicular to the metal walls, and the difference is very small when the beam wavelength is larger than 50 m.
With the negligible angular dependency of the new design, the FIR transition of ⌬M ϭ 0 can be observed in the Stark-tuned laser as well as ⌬M ϭ Ϯ1 transition. The triplet spectrum related to ⌬M ϭ 0 and ⌬M ϭ Ϯ1 FIR transition would be like that in Fig. 8 when the Stark field of 500 V͞cm is applied on the CH 3 OH 118.8 and the 70.5 m transition.
A power enhancement of the laser output beam is observed in some transitions with Stark tuning. 3,6 -8 This phenomenon is observed only when the pump field is perpendicular to the Stark field, especially in the case in which the FIR transition has the selection rule |⌬J| ϭ 1 and |⌬K| ϭ 1. 3, 7 The reason for this power enhancement can be explained successfully with Koo and Claspy's vector model. 15 First, the pump absorption increases when the molecule is arranged in a favorable direction for the pump absorption by the interaction of the Stark field and the dipole moment of the molecule. Second, the FIR transition with the selection rule of |⌬J| ϭ 1 and |⌬K| ϭ 1 is not hindered by the Stark field.
For transitions like the 70.5 and 118.8 m of the CH 3 OH molecule, the M dependency of the transition frequency is very small, 3, 8 so the Stark broadening is very small for the ⌬M ϭ 0 FIR transition. With the small M dependency and the transition rule favorable for the power enhancement by Koo and Claspy's vector model, 15 a power enhancement for the ⌬M ϭ 0 FIR transition is expected. So the Stark effect can be used for the laser power enhancement without any frequency shift of the beam when the selection rule is ⌬M ϭ 0.
Conclusion
The newly designed Stark-tuned laser waveguide is shown to have better mode property than the conventional rectangular hybrid waveguide. The fundamental mode ratio becomes higher so that fewer coupling losses are expected. Another important characteristic of the new design is that the angular dependency of the attenuation loss is very small in the waveguide for wavelengths longer than 50 m. With this small angular dependency, the Stark-tuned line without a frequency shift, from the ⌬M ϭ 0 transition, is expected to be produced with laser power enhancement. All three types of FIR transitions are possible in this new design, making it possible to operate threefrequency FIR interferometry and͞or polarimetry 2 with an all Stark-tuned laser system.
